Production of high quality herbs for fresh culinary markets was evaluated in a retractable roof greenhouse (RRGH) under semi-arid climate conditions. Two basil cultivars, 'Genovese' and 'Purple Ruffles' and lemon grass were grown in a RRGH under 35% and 50% shade, and in the field. Basil was grown using two production systems in the RRGH, hydroponic rockwool culture and peat-based media in containers. Lemon grass was grown in containers only. Environmental and physiological parameters were monitored throughout production. Lemon grass showed greatest biomass accumulation under 35% shade, producing 0.7 times more than in the 50% shade and 7 times more than in the field. Overall, 'Genovese' produced 91% more than 'Purple Ruffles'. Biomass accumulation of basil was affected more by media than by shade. During full production with weekly harvests, 'Genovese' and 'Purple Ruffles' in hydroponic rockwool culture produced 45% and 44%, respectively, more biomass than plants in containers and 106% and 160%, respectively, more than plants in the field. The quality of basil and lemon grass was superior in all RRGH treatments compared to the field. These results indicate culinary herb production in a RRGH can optimize biomass and quality of basil and lemon grass in a semi-arid climate.
INTRODUCTION
The increasing popularity of the fresh culinary herb market leads to the need for optimizing quality, biomass and availability of these products. The short post-harvest shelf lives of many culinary herbs make year-round local production a viable market. The semi-arid climate of Arizona is accompanied by summer monsoons, making protected cultivation of fresh culinary herbs an important production method in providing consistent high quality products compared to field production. Local production of culinary herbs in a semi-arid climate may benefit from using a retractable roof greenhouse structure so that the microclimate of the plants is passively and more affordably modified in order to increase both biomass and quality. Retractable roof greenhouses may benefit production of culinary herbs in semi-arid climates by modifying extreme light levels during summer, providing frost protection during winter, maximizing ventilation and providing protection from storms and summer monsoons. The roof material allows UV-B light to enter which has been found to be important in essential oil production and hence flavor in basil (Johnson et al., 1999) . The objective of this study was to determine whether a retractable roof greenhouse provided a superior environment for the production of lemon grass and two cultivars of basil compared to field production and whether basil grown in a retractable roof greenhouse in rockwool or peat-based mix produced greater biomass.
MATERIALS AND METHODS

Cultural Practices
A RRGH with the flat roof covered either with a glazing of 35% (RC98) or 50% (RAR-40) shade was used for this study. A detailed description of the structure has been given by Suarez-Romero et al., 2003 . For the duration of the experiment, the RRGH roof was closed during daytime except for small ventilation gaps of approximately 1.3 m every 9.1 m. Side walls were kept open during daytime. Only in cases of storms or high winds (above 30 km/h) were the roof and walls closed during the daytime. At night, the entire structure was closed. The roof was kept stationary so that crop responses to the two shade environments could be evaluated before employing various roof and wall strategies.
The field plot was amended with compost incorporated to a depth of 20 cm. Drip tape was placed adjacent to transplants along the rows. Plants were spaced 0.3 m apart within rows, and rows were 0.8 m apart. Irrigation was applied for 15 minutes, between three and five times a day depending on environmental conditions. Fertilizer was applied weekly at the rate of 2.3g N•m 2 (Miracle Grow, Scotts Co., Marysville, OH) for both basil cultivars and lemon grass.
Basil and lemon grass were grown in 18 L containers in the RRGH. Media consisted of Sunshine Mix #1 and perlite (3:1 vol.). Pots were spaced 0.7 m apart within rows and 1.0 m apart between rows. Three basil plants were grown in each pot, and one lemon grass plant was grown in each pot. Pots were irrigated with a complete nutrient solution at a frequency controlled by a tensiometer set at 0.5 MPa.
Both cultivars of basil were also grown in rockwool slabs in the RRGH. Three plants, each in a rockwool block were grown on top of a rockwool slab. Each plant had one 2 L/hr emitter controlled by a timer. All basil plants grown in rockwool were irrigated with a complete nutrient solution set by a timer to maintain 25-30% daily drainage. 
Basil
Two cultivars of basil, 'Genovese' and 'Purple Ruffles', were started from seed in rockwool cubes in a mist house on June 14, 2003. Basil was transplanted into the field and RRGH on July 14, 2003. Two weeks after transplant, from July 15 to July 30, basil was not harvested, and was allowed to acclimate before harvesting began, and during this time all basil was topped to encourage branching. From July 30 to August 14, two to four weeks after transplant, basil was harvested during the establishment phase of production to further encourage branching as the plants grew. From six weeks to fourteen weeks after transplant (harvests 4-12, August 28-October 23), full production with weekly harvests was recorded, and from sixteen weeks to eighteen weeks after transplant (harvests 13-14, November 4-November 18), fall production of basil had biweekly harvests. Harvested shoots generally consisted of two to five nodes. Plants were removed when low night temperatures damaged leaves in the RRGH and outside on November 24, 2003.
Biomass, environmental data and physiological parameters were recorded. Fresh weights for all harvests were recorded and dry weights at selected cuts were recorded. At each harvest, quality in terms of leaf color and damage (either due to pests or sunburn) were also recorded. Leaf area, measured with a leaf area meter (LI-COR 3100, Licor, Lincoln, Nebr.) and internode length at selected harvests were recorded. Environmental parameters including instantaneous photosynthetically active radiation (Quantum sensor, Spectrum Technologies, Plainfield, Ill.), and air and media temperatures (HOBO H8 dataloggers, onset, Pocassett, Mo.) were monitored in all environments. Physiological measurements included stomatal conductance and transpiration (LI-COR 1600 porometer, Lincoln, Nebr.).
A split-split plot design was used for the two cultivars of basil with environment as a main plot and cultivation method as a split plot. Each treatment was represented with 15 replications in three blocks. For basil, each replication contained three plants, grown in either a container, a rockwool slab or three consecutive plants in the field, to represent an experimental unit.
Lemon Grass
Ten-cm pots of lemon grass were divided into three parts to provide the starting transplants for the experiment. The lemongrass was grown in the field and in the two shade environments of the RRGH, 35% shade and 50% shade. Lemon grass was transplanted into the field and into containers in the RRGH on July 23, 2003 and was harvested on October 15, 2003. At the time of harvest, canopy height and two widths were recorded. They were then cut at the soil surface and at 25cm above the soil surface, which constitutes the marketable part of the plant. The fresh weight of the base 25cm of the lemongrass and the fresh weight of the leaves were recorded. Leaf and base material was then oven-dried at 50ºC to obtain dry weights. Environmental and physiological measurements were recorded as described above. Pots were arranged in a split-plot design with 15 replications in three blocks.
RESULTS AND DISCUSSION
Biomass Accumulation 1. Basil. Basil fresh weight production was significantly affected by environment, cultural conditions, and cultivar in a three-way interaction. 'Genovese' produced greatest biomass in rockwool under either shade followed by plants growing in containers under 35% and 50% shade, respectively (Table 1) . 'Purple Ruffles' produced greatest biomass in rockwool under either shade and approximately 30% less biomass in pots under either shade (Table 1) . When averaged over all treatments, 'Genovese' produced 91.2% more biomass than 'Purple Ruffles' throughout the study. The increased yield of 'Genovese' compared to 'Purple Ruffles' basil or in general of green-leaf versus purple-leaf basil cultivars has been reported before (Hochmuth and Leon, 1999) .
Field production was up to 50% lower for each cultivar when compared to the highest production for each cultivar in rockwool (Table 1) . For the 'Genovese' basil, plants grown in rockwool produced 45% more than plants in containers and 106% more than plants in the field. The containers produced 42% more than the field. For the 'Purple Ruffles' basil, plants grown in rockwool produced 44% more then plants in containers and 160% more than plants in the field. Field yields may be lower than average due to transplant shock as these were not direct seeded. The high light and heat during Arizona summers as well as monsoon season occurring during the study also inhibited field production, although this illustrates the need for protected cultivation in this area. Field production may benefit from colored plastic mulches which have been found to increase the fresh weight and leaf area of basil (Loughrin and Kasperbauer, 2001) . The significant differences between the rockwool and containers are due to a variety of factors. The high water holding capacity of the peat-based media leads to less frequent irrigation and hence nutrient delivery as compared to the rockwool. The high water holding capacity of the peat-based media can also allow it to become waterlogged resulting in lower dissolved oxygen concentrations which can reduce shoot growth (Gibson et al., 2000) . Welldraining substrates like rockwool are more favorable to basil growth, as peat in particular has been shown to reduce the growth of basil compared to other well-draining substrates like perlite (Smith et al., 1997) . The initial harvests, while they do provide salable material, they better serve to encourage branching. If the first three harvests are not taken into consideration, weekly production estimates are as follows. 'Genovese' basil produced 89.74 g/plant/week in rockwool, 62.94 g/plant/week in containers and 44.3 g/plant/week in the field. 'Purple Ruffles' produced 47.38 g/plant/week in rockwool, 34 g/plant/week in containers and 19.43 g/plant/week in the field. In terms of biomass accumulation, production system was more significant than shade. Further contributing to the differences in biomass accumulation between treatments were the environmental and cultural effects on stomatal resistance and therefore transpiration, nutrient uptake, and carbon dioxide assimilation.
2. Lemon Grass. The base of the lemon grass, 25 cm above soil surface, comprises the salable product. Lemon grass growing under 35% shade in the RRGH showed the greatest base biomass accumulation (Table 2 ). Plants growing under the 35% shade produced 0.7 times more than those under 50% shade and 7 times more than those in the field. Plants under 50% shade produced 3.6 times more than those in the field. The reduced biomass accumulation in the field is possibly due to the plants not establishing well after transplant, and that the leaf biomass was far reduced compared to the other treatments, therefore inhibiting further base biomass accumulation. The fact that plants under 50% shade produced more than the field, but less than plants under 35% shade indicates that light conditions may have been too low and resulted in reduced photosynthesis in the 50% shade environment. While the lemon grass was of superior quality in the RRGH, an economic analysis will be required to assess the feasibility of protected cultivation for this culinary herb. Differences in fresh weight yield indicate that this species is impacted to a greater extent than basil by the different shade environments of the RRGH. While basil did not show large differences between the two shade environments, the lemon grass illustrates that the shade percentage is an important factor to evaluate for the specific crop under cultivation. 
Stomatal Resistance and Transpiration
Leaf Area and Internode Lengths
Leaf area of basil was significantly affected by shade, but not by the production systems in the RRGH. Both cultivars produced leaves with the greatest leaf area under 35% shade, followed by 50% shade, and leaves with the smallest leaf area in full sun in the field (Table 3 ). The reduction in leaf area under field conditions compared to the 35% shade environment was greater for 'Genovese' than 'Purple Ruffles', indicating that 'Genovese' plants may be more sensitive to changes in light intensity in a production environment than 'Purple Ruffles'. The large differences between the leaf area for those under 35% shade compared to those in the field are to be expected, but the lesser difference between those in 50% shade compared to the field may be due to decreased photosynthesis under 50% shade therefore inhibiting further increase in leaf area compared to 35% shade. The increased leaf area under cover enhances the marketability of the crop and may also partly compensate for the reduced incoming solar radiation due to shading (Gimenez et al., 2002) .
Internode lengths also differed between the three light environments for 'Genovese' basil, but were not significantly affected by production system. The internode lengths of the 'Purple Ruffles' basil were not affected by either light environment or production system. For the 'Genovese' basil, the internode length under 35% shade was 21% greater than under 50% shade and 66% greater than under full sun in the field. The internode lengths under 50% shade were 37% greater then those under full sun in the field. These differences follow the trends of the leaf area differences. As seen from the leaf area and internode lengths, overall the field plants under full sun were very stocky with small leaves. For the fresh culinary market, the plants in the RRGH, irrespective of shade or production system, are preferable.
Environmental Data 1. Air Temperature. The air temperature differences between the 35% and 50% shade in the RRGH were negligible, and will therefore be combined. During the summer, the minimum and maximum air temperatures outside ranged between 20ºC and 45ºC respectively. In the RRGH during the summer, temperatures were approximately 2ºC cooler than air temperatures outside, with the roof closed and the walls open, and 2-5ºC warmer at night, with the entire structure closed (Fig. 1) . During late fall, the structure was kept mostly closed with small gaps for ventilation and during this period the air temperatures within the RRGH were 2-5ºC warmer during both the day and at night (data not shown). These trends have also been noted under direct cover where cooler temperatures were found under cover during warmer parts of the season, and warmer temperatures are found under cover during cooler parts of the season (Gimenez et al., 2002) . Although night temperatures in the RRGH were slightly warmer than outdoors, once outdoor air temperatures fell to -5ºC at the end of November 2003, air temperatures inside the RRGH fell to freezing therefore damaging the crop (data not shown). At this time, the field plants were completely damaged and the upper portions of the canopy were damaged in the RRGH. The upper portions of the canopy are the youngest portion of the plant, and the most sensitive to chilling injury (Lange and Cameron, 1997) . Although the temperatures did not completely damage the RRGH plants like those in the field, the upper portions of the canopy are the portions that are harvested for a salable product, therefore the RRGH is not able to extend the production season through late fall and winter for a warm weather crop like basil without supplemental heat in Arizona. 2. Substrate Temperatures. Substrate temperatures in the RRGH were not different between shade environments and were combined as well. Throughout the summer months, temperatures in rockwool closely followed air temperatures. Rockwool temperatures were regularly up to 10ºC warmer than the field soil during the day, and up to 8ºC warmer than containers (Fig. 2) . Containers regularly reached temperatures up to 12ºC warmer than the field during the day (Fig. 2) , with a delay time in heating up as well as cooling down. Containers were warmer than rockwool in the evening and through the night (Fig. 2) . Field soil temperatures also showed a delay in heating up and cooling down when compared to air temperatures, but never heated up to maximum air temperatures as the other substrates did. Substrate temperatures in the RRGH at the time of frost were similar to the field at the end of November, but tended to be warmer than field soil temperatures during the day (data not shown). Productivity of basil in rockwool and containers indicates that root zone temperatures up to 45ºC were not detrimental to yield of both basil cultivars.
CONCLUSIONS
Fresh weight data indicates that all RRGH treatments produced significantly more biomass of higher quality than plants grown in the field. Within the RRGH, biomass production of both basil cultivars was primarily affected by media and little by shade. Lemon grass biomass was significantly affected by shade demonstrating the importance of understanding what light levels individual species or cultivars require for maximum production. Within the RRGH, rockwool was superior for basil production, most likely due to the properties of the substrate which increase fertigation events and therefore nutrient and oxygen availability. Overall, the retractable roof greenhouse produced high quality basil and lemon grass for the fresh culinary market. For year round production of basil, supplemental heating would be necessary once minimum temperatures are close to freezing. Further research needs to evaluate roof and wall strategies, the economic feasibility of producing basil in a retractable roof greenhouse in rockwool culture and the feasibility of supplemental heating for year-round production of this warm weather herb. 
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